Abstract In the presented work, a model is created in order to investigate the effect of different material parameters and operating conditions on the anode diffusion overpotential, which influence the exergy and energy efficiency of the solid oxide fuel cell (SOFC). In this research, it was demonstrated that the anode material parameters and operating conditions of the device components such as porosity, tortuosity, pore diameter, temperature, pressure and current density of the anode have various effects on the anode diffusion overpotential, which consequently affect the exergy and energy efficiency of the SOFC. The model has provided a strong direction on how to optimize the SOFC exergy and energy efficiency, by reducing the anode diffusion overpotential, which is affected by various material parameters and operating conditions.
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Introduction
Fuel cells are promising technology that provides high-efficient energy and low emissions. Fuel cells convert stored chemical energy in fuel directly into electricity via electrochemical reaction without combustion. Due to the increase in world energy consumption driven by economic growth and increasing population, as well the realization that fossil fuel sources are limited and relatively high cost, a solid oxide fuel cell (SOFC) can provide clean and efficient energy.
The SOFC operates at high temperature, usually about *1000°C, in order to ensure adequate ionic and electronic conductivity. The SOFC can be fed primarily with coal base syngas or natural gas. The first solid-state oxygen ion conductor was discovered by Nernst in 1899 [1] ; however, the industrial research in developing the SOFC for application was undertaken since 1958 by Westinghouse Electric Corp [2] . The SOFC has many advantages when compared with other fuel cells such as simple design and construction, and two-phase reaction (gas-solid) instead of three phase reaction (gas-liquid-solid) on molten carbonate fuel cells (MCFCs). The two phases eliminate the problem of corrosion of the cell and the stack component and also eliminates the depletion of the electrolyte that affects the cell performance and lifetime. The advantage of the high operating temperature of the SOFC allows the electrochemical kinetics to process faster without the need of the high-noble metal of the electrode. The mixed conducting oxides have been intensively studied since the early 1980s as an alternative to noble metals. The SOFC design in both tabular and planar depends highly on the material properties such as the thermochemical and mechanical stability at a high temperature range, as well the compatibilities of the material that compose the cell components in order to keep a good electrical contact across an interface, and avoid mechanical instability due to volume changes or mismatch in thermal expansion coefficients.
The SOFC has three types of losses [3, 4] : ohmic overpotential, activation overpotential, and diffusion overpotential. The ohmic polarization is caused by the ionic resistance of the electrolyte, the electric resistance of the electrode, the cell interconnect, and the contact resistance between. The most critical factors governing the ohmic losses in SOFC are the material conductivity, material thickness, and the contact resistance [5] . Activation polarization is the voltage overpotential required to overcome the activation energy of the electrochemical reaction on the catalytic surface. A buildup of charge occurs between the electrode and electrolyte at the three phase boundary (TPB) which caused the activation losses. Diffusion polarization is losses caused by the net transport of material within a single phase in the absence of mixing (by mechanical means or by convection). In this work, the analysis of the effect of material properties and operating conditions variation is performed only on the anode diffusion overpotential.
The most common anode material is Ni/YSZ composite, which still dominates; especially for pure hydrogen fuel; also, the Pt/YSZ has been used as an anode for SOFC [6] . The anode material composite must be porous to allow fuel to flow towards the electrolyte, the YSZ dense layer on nickel helps stop the grain growth of nickel during the electrochemical reactions. The metal materials are purely electronic conductor and YSZ essentially ionic conductor. Under standard operating conditions inside SOFC, the main transport mechanism is found by diffusion. The diffusions occur in nanoporous media, in which the molecules frequently collide with the pore wall. The diffusion with respect to porous electrodes is effected by many factors-such as tortuosity, porosity, time, size, permeability, etc. Fewer results were reported on the activation polarization and ohmic overpotential [7] [8] [9] . However, to the best of our knowledge, the effect of material properties on the anode diffusion polarization and its effect on the exergy and energy efficiency have not been presented in the open literature. This is important because the effect of the material parameters, operating condition, and anode geometry has not previously been considered to understand the effect of those factors on anode diffusion polarization and its effect on the energy and exergy efficiency. To this end, this work presents a comprehensive analysis to understand the impact of each factor on the anode diffusion polarization of SOFC. The aim of this paper is to understand the parameters that influence the anode diffusion polarization and how it can be optimized to reduce the SOFC losses and enhance the energy and exergy efficiency.
Electrochemical model
In the SOFC, a neutral molecule of oxygen takes two electrons from the cathode, conducts through the electrolyte, returns the electrons to the external circuit, and oxidizes the products H 2 at the anode surface as described in Fig. 1 .
The general SOFC reaction is [10, 11] :
At the porous cathode, the oxygen reduction takes place through Eq. (2).
For the anode, the electrochemical oxidation for H 2 can be expressed by the following:
SOFC current is calculated by the following equation:
where V Nernst is Nernst potential, and V cell is the cell voltage, which is calculated by the following equation:
where E o is the ideal voltage, and it can be calculated with following equation:
The governing equations for momentum, heat, and mass transport are reported in previous studies [12] [13] [14] with boundary conditions at the fuel channel/electrolyte (FC/E) and cathode/electrolyte (C/E) interfaces used to solve the mass, energy, and charge transport equations. Using the solved governing equations, the current densities of the anode side for hydrogen and of the cathode side for oxygen reduction can be calculated by the following equations:
The electronic conductivities in the cathode and the anode as well the ionic conductivities can be calculated by the following equations: 
Diffusion polarization
Diffusion refers to the net transport of material within a single phase in the absence of mixing (by mechanical means or by convection). For the diffusion polarization, it can be stated by the following equations:
The concentration gradient and hydrogen flux due to the hydrogen reaction can be calculated as follows:
Anode diffusion polarization By integrating Eq. (14) along the anode length, the following equation is obtained for hydrogen and steam molar fraction:
When fluid transport through a network of fluid-filled pores inside the particles provides access for solute absorption sites, the diffusion flux can be expressed in terms of a pore diffusion coefficient. The diffusion coefficient can be expressed as follows:
D H 2 ;i is the mutual diffusion coefficient, and it refers to the diffusion of hydrogen in a mixture. The mutual diffusion coefficient indicates that the flux of a diffusing component is proportional to the concentration gradient. The diffusion is affected by other factors beside the gradient in concentration such as the intermolecular interactions of molecules [15] [16] [17] . In this analysis, we only considered the diffusion that is caused by the concentration gradients and can be estimated by the following equation:
Since the hydrogen flow is opposite and equal to steam flux, we can write the following equation:
Also we have:
And this differentiate equation yields the hydrogen molar concentration at the anode surface as expressed by the following:
The steam diffusion, can be stated as follows:
In the anode, the fluid transport through a network of fluid-filled pores inside the particles provides access for solute absorption sites. The pore diffusion coefficient of this access can be calculated by the following equation:
where e and s are the porosity and tortuosity of the anode, respectively. The porosity is a measure of the empty spaces in a material, and is calculated by the volume of emptiness over the total volume; its value is between 0 and 100 %. The tortuosity is a property of curves being tortuous and it can be calculated with arc-chord ratio, which is the ratio of the length of the curve to the distance between the ends of it. 
Cathode diffusion polarization
The cathode diffusion coefficient is caused by the transport that occurs within the fluid phase contained inside the particle. Using the same method as described above for the anode, the oxygen flow can be calculated by the following equation:
and the mutual diffusion coefficient for oxygen into air is stated as follows:
The solute concentration is generally similar in magnitude to the external fluid concentration. A solute molecule transported by pore diffusion may attach to the sorbent and detach many times along its path. Equation (25) is integrated using the following boundary conditions:
Solving the differentiate Eq. (29) yields the oxygen fraction at the cathode surface Eq. (30):
The molecular mean free path may be larger than the pore diameter, especially for the gas-phase diffusion in small pores at low pressure, which gives rise to Knudsen diffusion. Based on [18] , the diffusion through the porous cathode can be calculated as follows:
And the oxygen fraction can be expressed in terms of temperature, pressure, and oxygen diffusion coefficient at cell reaction and is calculated by the following:
Exergy analysis
The exergy is the maximum possible work of a system as it undergoes a reversible process from the specified initial state to the state of its environment, that is, the dead state. The exergy balance can be described as follows [19] :
The exergy associated with a material flow can be calculated as follows:
where _ Ex ph is the physical exergy and _ Ex ch is the chemical exergy, and they can be expressed as follows:
where ex ch;o i is the standard chemical exergy, s is the entropy, and h is the enthalpy. The exergy destruction in SOFC can be calculated as follows [20] :
where T o is the reference temperature and S gen is the entropy generation. The exergy efficiency of the SOFC can be calculated by the total exergy product and exergy fuel of device as follows [19, 21] :
where _ Ex product is the sum of electricity and exergy of the useful heat, and _ Ex fuel is the exergy of hydrogen supplied to the SOFC.
Detailed relations for energy analysis and energy efficiency of the SOFC are reported in Refs. [22] [23] [24] [25] [26] . These relations are not mentioned in this paper to have a brief note. The energy efficiency of the SOFC can be calculated by the ratio of generated power to the lower heating value of the hydrogen fuel as follows:
The model input parameters are listed in Table 1 and in ''Appendix'' (the ohmic and activation polarization equations and input parameters).
Results and discussion
The model has been developed to simulate the effect of material parameters and operating conditions on the anode diffusion polarization and their effect on the SOFC tabular performance. The model generates cell efficiency, cell voltage, current output, and cell voltage losses (ohmic overpotential, activation overpotential and concentration overpotential). The chemical concentration profiles and other SOFC performance parameters such as the exergy and energy efficiencies are also calculated. The created model of the SOFC is divided into a number of units axially; for each unit thermal equations and the electrochemical are progressively solved with an iterative approach. The model analysis for the anode diffusion polarization of SOFC is calculated with following assumptions:
• The model is based on steady state and fed 100 % with pure hydrogen as fuel, with no reaction gas crossover or side reactions. • Laminar gas flow in the air channel.
• Non-isothermal operation.
• Ideal gas law is applied.
• The gas velocity is uniform through the fuel channel.
• The SOFC is fed with 100 % pure hydrogen.
• Along the cell axis, the cell voltage is uniform.
• Stationary conditions.
• Heat exchange by radiation is negligible.
Effect of anode porosity and tortuosity
In this work, we analyze the effect of anode porosity on anode diffusion polarization and its reflection on the SOFC exergy efficiency. Figure 2 (top) shows the effect of porosity on the anode diffusion polarization at different current densities. The increase of current density produced by movement of charged species is dependent on partial pressures of oxygen and water. It can be also seen from Fig. 2 (top) that an increase of current density and decrease of porosity increase the anode diffusion polarization. At the porosity of 0.3 and current density of 600 mA/cm 2 the anode diffusion loss was found to be 0.008 V. The effect of elevated current density increased the anode diffusion polarization, which was expected due to the enhancement of the chemical reaction that occurs at the anode side at high current density and which is reflected on the performance of the SOFC due to the rises of anode diffusion polarization. The anode tortuosity is another property that affects the diffusion polarization, in Fig. 2 (bottom) the maximum anode diffusion polarization was 0.014 V at 1000 mA/cm 2 , and it was observed that an increase of current density with higher tortuosity increases the anode diffusion polarization. At a tortuosity of 5 and a current density of 600 mA/cm 2 , the anode diffusion loss is 0.09 V. The increase of anode tortuosity caused a barrier that negatively impacted the electrochemical reaction that occurs at the anode side and that caused the voltage to drop due to the increase of anode diffusion polarization.
Figure 3 (top) shows the effect of both the anode porosity and tortuosity on the anode diffusion polarization. At the porosity of 0.4 and tortuosity of 1.5, the anode diffusion polarization is 0.005 V, and this voltage loss increased with increases of both parameters. The results demonstrate that an anode with a continuous porosity gradient improves the anode diffusion of the fuel gas and enlarges electrochemical active at TPB.
The anode diffusion coefficient is defined as the proportionality between the molar flux due to molecular diffusion and the gradient in the concentration of the species. In Fig. 3 (bottom) , the increase in pore diameter from 0.0002 to 0.001 cm increases the anode diffusion coefficient which caused the anode diffusion polarization to drop, and this is due to the larger pore sizes in the anode Cathode-specific resistivity (X m) 8.1 9 10 -5 exp (600/T s ) [27] Anode-specific resistivity (X m) 2.98 9 10 -5 exp (-1392/T s ) [17] Interconnect-specific resistivity (X m) 0.025 [16, 28] Electrolyte-specific resistivity (X m) 2.94 9 10 -5 exp (10,350/T s ) [17] Cathode conductivity (W/m K) 2
Anode conductivity (W/m K) 2
Electrolyte conductivity (W/m K) 2
Air injection tube conductivity (W/m K) -0.0096 9 T ? 17.892 [29] substrate, which provides more fuel gas channels. Increasing the anode porosity decreases the mass-transfer resistance, which can significantly decrease the electrochemical active region and which results in an increase of the anode diffusion polarization. This result demonstrates that the anode porosity and tortuosity have substantial effect on the anode diffusion overpotential, which consequently affects the exergy efficiency of the SOFC. In Fig. 4 , the exergy efficiency of the cell decreases with an increase of current density. This increase is due to the increased diffusion coefficients and is reflected in the anode diffusion polarization. With a rise of diffusivity, hydrogen molecules reach reaction sites faster. Hence, a decrease in the mass transport losses enhances the performance of the cell. In Fig. 4 , the exergy efficiency increases with the increase of porosity and decrease with an increase of tortuosity. A similar result is reported in Fig. 5 concerning the effect of porosity and tortuosity on exergy efficiency at different anode diffusion polarizations. From this section analysis, we conclude that increasing the porosity from 0.4 to 0.5 decreases the anode diffusion polarization which caused the exergy efficiency to increase and decreasing the tortuosity from 5 to 2 decreases the anode diffusion polarization which caused the exergy efficiency to increase.
Effects of temperature and pressure
Figure 6 (top) shows that a rise in temperature and decrease of anode porosity raises the anode pore diffusion coefficient. This result can be seen in that at a temperature of 1200 K and porosity of 0.3, the pore diffusion coefficient is 0.005 cm 2 /s. The porosity increase from 0.4 to 0.5 leads to an increase of diffusion of species at the anode side, which causes an improvement of electrochemical reaction that occurs at TPB and which was experimentally verified by Ren et al. [30] . When they found that increase of porosity enhances the adequate mass transport at the anode side, however, they did not analyze the effect of porosity on diffusion polarization and its effect on the Fig. 2 The effect of current density on the anode diffusion polarization at different porosity (top) and at different tortuosity (bottom) Fig. 3 The effect of porosity and tortuosity on the anode diffusion polarization (top). The effect of pore diameter of anode on the anode pore diffusion coefficient (bottom) exergy efficiency. In Fig. 6 (bottom) , the increase of temperature while decreasing the anode tortuosity to 2 reduces the anode pore diffusion coefficient, which caused the anode diffusion overpotential to rise. In Fig. 7 , the lowest anode diffusion polarizations were achieved at high anode pressure and temperature of 20 bar and 1300 K, respectively. The increase of anode pressure and operating temperature leads to increase of current-power density [31] , which reduces the anode diffusion polarization.
In Fig. 8 , the exergy efficiency is analyzed at different operating temperatures. The effect of porosity can barely be seen with the rise of temperature, and this is due to the amount of influence of temperature on the exergy efficiency compared to the effect of anode porosity. As temperature increases, the voltage drops, which is reflected on the exergy efficiency. Also the increase of temperature caused the exergy destruction to increase. This increase of exergy destruction is mostly due to the heat loss based on finite temperature difference, which is reflected on a drop of the exergy efficiency. However, in Fig. 9 different results were obtained by increased the anode pressure, which caused the exergy efficiency to increase; moreover, it is considered a very low effect compared to the effect of temperature; the increase of anode pressure improves the electrochemical reaction of hydrogen at the anode side, which caused the exergy efficiency to partially increase. In order to increase the exergy efficiency of the SOFC by reducing the anode diffusion polarization to its lowest value, it is recommended to decrease the temperature to a range between 1000 and 1300 K and increase pressure simultaneously above the ambient pressure. Figure 10 shows that an increase of the hydrogen molar fraction and current density increases the anode diffusion polarization. The highest polarization was 0.02 V at the Fig. 4 The effect of current density on the exergy efficiency at different porosity (top) and at different tortuosity (bottom) Fig. 5 The effect of anode diffusion polarization on the exergy efficiency at different porosity (top) and at different tortuosity (bottom) hydrogen molar fraction of 0.7 and current density of 810 mA/cm 2 , which is considered low-voltage drops compared to the activation and ohmic overpotential [32] . The increase of hydrogen flux at the anode side enhances the electrochemical reaction, which caused the current density to increase and which leads to an increase of the anode diffusion polarization. Because the key parameters affecting the electrochemical reaction rate are hydrogen at the anode side, the high hydrogen concentration at the fuel inlet results in a high reaction rate.
Effect of hydrogen molar fraction

Effect of anode thickness and anodic diffusion path
Figure 11 (top) shows that decreasing the anode thickness and anodic diffusion path reduces the anode diffusion polarization, which cause an enhancement of the exergy Fig. 6 The effect of SOFC operating temperature on the anode pore diffusion coefficient at different porosity (top) and at different tortuosity (bottom) Fig. 7 The effect of anode pressure and temperature on the anode diffusion polarization Fig. 8 The effect of temperature on exergy efficiency at different porosity (top) and at different tortuosity (bottom) efficiency of the SOFC. Therefore, as the thickness rises, the anode gains more reaction spots, which leads to a higher anode diffusion overpotential. The increase of the anodic diffusion path length reduces the electrochemical reaction time that occurs at TPB, which is the gas diffusion between the reaction sites and the electrode surface. This increase in the anodic diffusion path leads to an increase in the anode diffusion polarization, which caused the exergy efficiency to drop as shown in Fig. 11 (middle) . The Fig. 9 The effect of anode pressure on exergy efficiency at different anode porosity (top) and at different anode tortuosity (bottom) Fig. 10 The effect of hydrogen mole fraction and current density on anode diffusion polarization Fig. 11 The effect of anode thickness and anodic diffusion path on the diffusion polarization (top). The effect of anode thickness on exergy efficiency (middle). The effect of anodic diffusion path on exergy efficiency (bottom) increase of the diffusion path caused a delay in the reaction rate that occurs at the anode side. This increase caused the anode diffusion polarization to increase, which is reflected in a decrease in the exergy efficiency as shown in Fig. 11 (bottom). Figure 12 shows that the increase of anode diffusion polarization leads to a drop in the voltage of the SOFC, which leads to a decrease in the energy and exergy efficiency. It can be seen that at anode diffusion polarization of 0.005 V, the energy and exergy efficiency are 68 and 52 %, respectively.
Conclusions
The generated model provides a list of controlling parameters that affect the efficiency of the SOFC by reducing the anode diffusion polarization. In this work, a variety of topics have been reviewed, simulated, and discussed to understand the effect of different material parameters and operating conditions on anode diffusion polarization and its effect on the efficiency of the SOFC. Based on the numerical simulations presented in this research, it was demonstrated that the material parameters of the SOFC components such as porosity, tortuosity, and anode thickness have an influence on the exergy efficiency of the SOFC. The use of this numerical model will help and guide researcher to focus on the key parameters that influence the anode diffusion polarization and its effect on energy and exergy efficiency of the SOFC in order to provide a robust design. This model will also reduce the research and developing costs by reducing the research time and the cost of the experiments and equipment. From the above study, it is concluded that to decrease the anode diffusion polarization to the range below 0.001 V and to enhance the exergy and energy efficiency, the following parameters are recommended:
• Increasing the anode porosity increases the exergy efficiency.
• Decreasing the anode tortuosity increases the exergy efficiency.
• Increasing the pressure above the ambient.
• Increasing the operating temperature by 200 K or more above the normal operating temperature (*1000°C).
• Increasing the hydrogen molar fraction enhances the exergy efficiency.
• Decreasing the anode thickness enhances the exergy efficiency.
• Decrease the anodic diffusion path to enhance the exergy efficiency. 
Appendix: Ohmic and activation polarization
The ohmic polarization
The ohmic polarization is caused by the ionic resistance of the electrolyte, the electric resistance of the electrode, the cell interconnect, and the contact resistance between mating parts and any other cell components. The aspects that affect the ohmic losses in SOFC are the material conductivity, material thickness, and the contact resistance. The ohmic resistance can be calculated by the following equation:
where R ohm,total is total resistance of cathode, anode, electrolyte, and interconnect. The governing equation and boundaries conditions listed in [33] gives Eq. (41), this equation provides the cathode resistance in terms of diffusion coefficient D v , and surface exchange rate in (cm/s), a f and a b are constants of the order of unity that depend on the specific mechanism of the exchange reaction.
The governing equation for the electron and ion transport between the anode and cathode are the following:
where i el and i io is the ion/electron current density and r el=io is the ionic/electronic conductivity. ; el/io is the potential for electron conducting materials (io) and (el) for the electrolyte material. All the boundary conditions to solve Eqs. (45) and (46) are listed in Ref. [34] .
The ohmic resistance at anode, electrolyte, and interconnect can be calculated by the following equation:
where q j and d j are resistivity and the thickness of the components, respectively. The resistivity of different materials can be expressed as follows:
where is a j and b j are constants specific to material j, and T is the operating temperature. Table 2 lists the parameters for the ohmic loss in SOFC [35] . The ionic conductivity of the electrolyte can be calculated by the following equation:
Activation polarization
A buildup of charge occurs between the electrode and electrolyte at the TPB, which caused the activation losses. 
The parameters c an , c cat , m, E act,cat , and E act,an are listed in Table 3 below.
The exchange current density can also be calculated with the following equation using the interface conductivity and transfer coefficient
where a is the transfer coefficient and r o is the interface conductivity, which can be calculated by the following equation:
where c is the reaction order, b is a constant, DG act is the 
where K ox is equilibrium constant of the oxidation of hydrogen. Table 3 below shows the coefficient parameters of the activation polarization:
The input parameters of the activation polarization are listed in Tables 3 and 4. 
